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ABSTRACT

National Institute of Environmental Health Sciences researchers are exploring the utility of genetically altered mice to study mech-
anisms of carcinogenesis. Two of these mouse models, the Tg.AC (carrier of an activated mouse H-ras oncogene) and the p53+/-
(heterozygous for the wild-type tumor suppressor gene Trp53), have genetic alterations that appear to hasten their expression of
chemically induced tumors. These 2 models have been proposed as a basis for new strategies for identifying chemical carcinogens
and for assessing risk. The National Toxicology Program (NTP) is conducting a series of studies with these 2 genetically altered
strains to further examine their strengths and weaknesses for identification of documented rodent and human carcinogens. In this first
evaluation, candidates for study were drawn from the NTP historical database of 2-yr rodent carcinogenicity studies and the open
literature (primarily for drugs). Results with this first set of 11 chemicals tested in genetically altered mice, compared with previous
findings in the traditional 2-yr rodent assays and literature on human tumor findings, appear to support the premise advanced by
Tennant et al that these models have the potential to serve as more rapid and less expensive test systems to identify carcinogens.
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INTRODUCTION

Regulatory agencies evaluate all available toxicity and
carcinogenicity data on specific chemicals or drugs to es-
tablish potential human risk through their use or their
exposure. Two sources of the more critical data are hu-
man epidemiological studies and long-term rodent bio-
assays.

The most directly relevant data come from epidemi-
ology studies, because they associate human health ef-
fects with environmental conditions. When a single en-
vironmental agent can be shown to be directly related to
a specific health problem in an exposed population, the
risk to humans for that agent is clear. Two fundamental
limitations of epidemiology are that 1) it is difficult to
relate a health problem to 1 environmental agent, since
most exposures are poorly characterized and are mixtures
of agents and that 2) there is an inherently low power to
detect an effect. In addition, these studies are retrospec-
tive evaluations of hazards that may have already ad-
versely impacted public health (1).

* Address correspondence to: Dr. William Eastin, NIEHS, Mail Drop
E1-02, PO. Box 12233, Research Triangle Park, North Carolina 27709-
2233; e-mail: Eastin @niehs.nih.gov.

Advantages of animal studies include the capacity to
evaluate single agents using an appropriate exposure
route under controlled environmental conditions. In ad-
dition, these studies may be prospective. The 2-yr bio-
assay using both sexes of 2 rodent species is the most
common protocol currently used to produce chemical car-
cinogenicity data. This protocol has become fairly stan-
dardized (21b, 24, 28, 29), and data from these studies
are generally required by regulatory agencies to evaluate
chemical toxicity from long-term exposure.

The National Toxicology Program (NTP) has provided
a large component of the basic scientific data used by
regulators to protect human health. Although still consid-
ered the best test model for obtaining carcinogenicity
data, the 2-yr rodent bioassay uses large numbers of an-
imals and normally takes up to 5 yr to complete and
evaluate before the results can be reported.

In addition to generating safety assessment informa-
tion, another NTP objective is to develop and validate
improved test methods, including alternative test systems
(22). The evaluation of genetically altered models to
identify toxic agents is 1 approach that the NTP is taking
to meet these objectives. The overall aim of these eval-
uations is to develop reliable methods for testing carcin-
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TaBLE L.—Transgenqic mice responses based on preliminary NIEHS
results (25, 26).

NTP study results

In vitro Predicted transgenic mouse
Salmo- tumor res;
ponses
nella 2-Yr rodent
assay studies Positive Negative
+ + p53%f and Tg.AC
- + Tg.AC P53t
+ - p53%f and Tg. AC

p53%f and Tg.AC

ogenicity of chemical agents in a shorter period of time
and using fewer animals. The impetus for the NTP eval-
uations came in part from the discussions at the ‘“Mech-
anism-Based Toxicology in Cancer Risk Assessment: Im-
plications for Research, Regulation, and Legislation”
workshop held January 11-13, 1995 (12). At this work-
shop, Dr. Raymond Tennant presented preliminary data
from studies under way (25, 26) in his and other National
Institute for Environmental Health Sciences (NIEHS) lab-
oratories that suggested that Tg.AC and heterozygous
pS53-deficient (p53%f) mice might be appropriate models
to rapidly identify agents with carcinogenic potential. In
general, workshop attendees thought that the preliminary
results from genetically altered mice were promising and
that further studies were required for complete evaluation
of the models.

Preliminary results from NIEHS studies of Tg.AC and
p53%f mice (25, 26) combined with those from the Sal-
monella mutagenicity assay and NTP 2-yr rodent study
databases indicated that (a) chemicals positive in Sal-
monella and showing cross-species carcinogenic potential
in Fischer 344 (F344) rats and B6C3F, mice in the 2-yr
studies would produce tumors in heterozygous p53¢f and
Tg.AC mice; (b) chemicals negative in Salmonella but
showing cross-species carcinogenic potential in F344 rats
and B6C3F, mice in the 2-yr studies would be negative
in the heterozygous p53%f mice but positive in the Tg.AC
mice; and (c) chemicals either positive or negative in Sal-
monella and showing no carcinogenic potential in F344
rats and B6C3F, mice in the 2-yr studies would be neg-
ative in heterozygous p53%f and Tg.AC mice.

Assessment of chemicals in the Salmonella assay is a
reasonably reliable way to discriminate mutagenic from
nonmutagenic chemicals. In addition, the Salmonella as-
say has been shown to be the most predictive test of
rodent carcinogenicity of 4 in vitro systems commonly
used to identify a chemical’s mutagenic potential (27).
Although categorizing chemical carcinogens based solely
on their mutagenic potential is an oversimplification of a
complex process, the operational use of the categories in
Table 1 was thought to provide a convenient framework
for testing these models.

Models

The Tg.AC line was produced in FVB/N mice by pro-
nuclear injection of a v-Ha-ras transgene linked to a fetal
{-globin promoter and an SV40 polyadenylation/splice
sequence (11). Tg.AC mice behave like genetically ini-
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tiated mice, rapidly developing epidermal papillomas in
response to topical tumor promoter or carcinogen treat-
ment. When the in vitro Salmonella assay is used as a
measure of mutagenicity, Tg.AC mice appear to respond
to genotoxic as well as nongenotoxic carcinogens (25,
26). While the response in carcinogen-treated mice is a
dramatic increase in papillomas, untreated, singly housed
Tg.AC mice do not usually develop any spontaneous tu-
mors, and the histology of the skin is normal. It has been
shown that the v-Ha-ras transgene is not significantly ex-
pressed in non—tumor-bearing Tg.AC tissues but is over-
expressed in the proliferating component of benign and
malignant tumors (3). Thus, it appears that expression of
the transgene drives proliferation and subsequent tumor
development in carcinogen-treated Tg.AC skin. There is
also evidence for chemically induced transgene expres-
sion in the forestomach (R. Tennant, personal commu-
nication) and bone marrow of Tg.AC mice (3).

The p53¢f mouse line has 1 functional wild-type p53
allele and 1 inactivated allele. The p53 gene is critical to
cell cycle control and DNA repair and is often found to
be mutated or lost in human and rodent tumors (2). Mice
with a single copy of the wild-type p53 allele (p53+/~
heterozygous) offer a single target for mutagens, a con-
dition analogous to humans with some heritable forms of
cancer. The functional hemizygous state should increase
the probability for either loss of p53 tumor suppressor
function or gain of transforming activity by requiring
only a single mutation (25, 26).

Heterozygous p53¢f mice are viable and show a low
background tumor incidence up to almost 12 mo of age
(4). This model is particularly attractive because in lim-
ited studies the same chemical-specific target organs ap-
pear to respond as in the 2-yr bioassay (25). These fea-
tures, together with the observation that the p53 gene has
been shown to be altered in approximately 50% of human
cancers, suggested that this model has the potential to
identify mutagenic human carcinogens.

Studies completed to date suggest that both the Tg.AC
and the p539 models are phenotypically stable, i.e., they
do not develop tumors without a chemical or physical
stimulus for up to the 12-mo time period during which
they have been studied (25, 26). In previous studies done
at NIEHS, all chemicals tested that produced papillomas
in Tg.AC did so in less than 6 mo. A dose-response
relationship has been observed with promoters and car-
cinogens studied to date, and in some studies mice have
developed papillomas as early as 4 to 6 wk (25). p53df
mice also respond within 6 mo. Thus, the exposure length
for the current studies was set at 24 wk.

Chemicals

Chemicals for the initial NTP studies were selected to
determine whether (a) the models would detect human
carcinogens; (b) the models would discriminate between
carcinogens with different mechanisms of action; (c) the
models would detect a carcinogen administered by more
than 1 route of exposure; and (d) there is a sex difference
in response, since only female mice were used in prelim-
inary studies.

‘When NTP 2-yr rodent cancer data were not available
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TaBLE II.—Chemicals selected for studies.

Salmonella and
rodent bioassay

Chemical
(proposed mechanism)

Selection rationale
(bioassay target organs)

Human carcinogens

DES (hormonal) SA— 2-yr+

Melphalan (genotoxic) SA+ 2-yr+

Cyclosporin A (immunosuppressive) SA— 2-yr+

TCCD (receptor-mediated) SA— 2-yr+

Comparison of effects of route of administration

N-Methylolacrylamide SA— 2-yr+

Isomers
2,4-DAT

SA+ 2-yr+
2,6-DAT

SA+ 2-yr+

Noncarcinogens

p-Anisidine HC1 SA+ 2-yr—

Resorcinol SA— 2-yr—

8-Hydroxyquinoline SA+ 2-yr—

Rotenone SA— 2-yr—

Known to induce cancers in humans and rodents at similar dos-
es; acts through hormone receptor-mediated process (target
organs: liver, ovary uterus/vagina, mammary)

Potent carcinogen allowing eventual study of a wide dose range
providing information concerning the relative sensitivity of
the models compared to humans and the standard bioassay
(target organs: spleen, thymus, bone marrow)

May yield information on the utility of these models to identify
cancer hazards that are not readily identified in rodent bioas-
says and that are thought to elicit cancer through mechanisms
other than the direct alteration of DNA (target organs: spleen,
immune system)

Based on relative abilities of “dioxinlike” chemicals to induce
gene products from activation of the Ah receptor; demonstra-
tion of a response in transgenics would provide a more con-
venient model to use in further studies of the potency for
cancer induction in relation to other agents in this class (tar-
get organs of gavage study: thyroid, liver; target organs of
topical study: integumentary)

Negative in p53*/~ (25) chemical is well absorbed dermally and
administration by this and an oral route will provide compar-
ative information on systemic effects (target organs:  harderian
gland, liver, lung, and ovary; nerve damage in short-term
studies)

To test the ability of the transgenic mouse models to discern
differences between closely related chemicals with apparent
differences in carcinogenic potential in the rodent bioassay;
also, 2,4-DAT would provide an additional test of genotoxic
chemicals that have caused a less-marked tumor response
than the more potent carcinogens in the 2-yr bioassay (target
organs of 2,4-DAT: liver, mammary gland; target organs of
2,6-DAT: none)

To examine hypothesis that rodent noncarcinogens will also be
negative in the transgenic species regardless of mutagenic ac-
tivity in Salmonella

Positive in SA; negative in p53%f mice; mice were negative in
2-yr studies

Negative in SA and 2-yr but positive in other genetox assays
(target organs: none observed)

Positive in SA, mouse lymphoma, but negative in CHO, Dro-
sophila, and in 2-yr rodent study by the oral (dosed-feed)
route (target organs: none)

Uniformly negative in SA, CHO cells, and Drosophila; has ap-
parent anticarcinogenic effects (target organs in 2-yr study:
none; target organs in 13-wk study: bone marrow, forestom-
ach)

Abbreviations: SA = Salmonella assay; SA+ = culture positive for Salmonella; SA— = culture negative for Salmonella; 2-yr+ = results positive for 2-yr rodent
carcinogenicity studies; 2-yr— = results negative for 2-yr rodent carcinogenicity studies; CHO = Chinese hamster ovary cell mutation assay; see text for explanations

of all other abbreviations.

for a particular chemical, the literature and medical ref-
erence books were used to establish dose levels and target
organs. When possible, the NTP’s historical 2-yr rodent
carcinogenicity and Salmonella assay databases were
used as resources for chemical selection. Candidate
chemicals were placed into 1 of 4 groups based on results
of the 2-yr and -Salmonella studies. For the initial studies,
only those chemicals with positive findings in both spe-
cies and usually in both sexes were included in the cat-
egory ‘“‘positive carcinogenicity studies,” and only those
chemicals with negative results in both sexes of both spe-
cies were considered “negative carcinogenicity studies.”
Chemicals were considered mutagenic if there were 1 or
more positive findings in the battery of typically used
Salmonella strains and nonmutagenic if there were only
negative responses. Scientists from both the government
and the private sector were solicited for comments on the

NTP plan to evaluate the potential of the genetically al-
tered mouse models and also on the set of chemicals
selected for these initial studies.

The specific chemicals chosen for these studies are list-
ed in Table II together with the results from other NTP
sudies and the rationale for selection.

Because data existed for only a limited set of chemical
exposure studies using these 2 transgenic models and be-
cause there was a limited availability of Tg.AC and p53df
animals, it was decided that for the initial studies, more
information would be gained about the utility of these
models for identification of carcinogens by studying a
number of chemicals at only 1 or 2 dose levels. The num-
ber of animals per test group was set at 15 to maximize
the use of animals and to keep a reasonable number that
would allow us to detect a difference in response between
controls and exposed animals. The doses selected were
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TaBLE III.—Test agents, doses, and routes of exposure.

Test agent
(NTP studies)

Dose/Route/Frequency

Tg.AC

p53+-

Human carcinogens
DES CAS No. 56-53-1

Melphalan CAS No. 148-82-3
Cyclosporin A CAS No. 59865-13-3
TCDD CAS No. 1746-01-6
Route comparison
N-Methylolacrylamide CAS No. 924-42-5
Negative controls
p-Anisidine HCl CAS No. 20265-97-8
Resorcinol CAS No. 108-46-3

8-Hydroxyquinoline CAS No. 148-24-3
Rotenone CAS No. 83-79-4

Topical: 0 and 0.83 mg/kg in ethanol 2X/wk

Topical: 0, 8.3, and 25 mg/kg in methanol 1X/

wk

Gavage: 0, 10 and 25 mg/kg in olive oil : EtOH

5X/wk
Topical: 0.166 p.g/kg in acetone 3 X/wk

Gavage: 0 and 50 mg/kg in water 5X/wk
Topical: 0 and 50 mg/kg in acetone 5X/wk

Topical: 0 and 133 mg/kg in ethanol 5X/wk
Topical: 0 and 225 mg/kg in acetone 5X/wk
Topical: 0 and 225 mg/kg in acetone 5X/wk
Topical: 166 mg/kg in acetone 5X/wk

sc injection 1,000 wg/kg in emulphor: ethanol :
water (10:10:80) 2X/wk
ip injection 0, 0.3, and 1.5 mg/kg in propylene
glycol 3X/wk

Gavage: 0, 10, and 25 mg/kg in olive oil : EtOH

5X/wk

Gavage: 0.25 pg in males and 1 pg/kg body
weight for females, 2X/wk in corn oil : ace-
tone (9:1)

Studies conducted previously by NIEHS (25)

Studies conducted previously by NIEHS (25)
Gavage: 0 and 225 mg/kg in water 5X/wk
Dosed-feed: 0 and 3,000 ppm

Dosed-feed: 0 and 1,200 ppm

Isomer comparisons
2,4-DAT CAS No. 95-80-7
wk
2,6-DAT-2HC1 CAS No. 15481-70-6
5X/wk

Topical: 0 and 30 mg/kg in ethanol (50:50) 5/

Topical: 0 and 30 mg/kg in EtOH : H,O (50:50)

Dosed-feed: 0 and 200 ppm

Dosed-feed: 0 and 200 ppm

those used in prior 2-yr rodent studies or those reported
in the literature to be carcinogenic to humans.

MATERIALS AND METHODS

Both sexes of hemizygous Tg.AC and heterozygous
p353 mice were received from Taconic Farms (German-
town, NY) at 4-5 wk of age. Pedigreed homozygous
Tg.AC males were mated to FVB/N females, and the
hemizygous Tg.AC progeny were used for these studies.
After a 10- to 14-day quarantine period, animals were
assigned at random to treatment and control groups. Five
animals per sex per strain were examined for disease and
parasites prior to the start of study. Animals of each strain
were randomly assigned to study groups on the basis of
stratified body weights, using a computer-generated ran-
domization program. Weight ranges did not exceed
+20% of the mean body weight for each sex. Mice were
housed individually in polycarbonate cages and randomly
distributed in stainless steel racks with automatic water-
ing systems. All animals were uniquely identified by a
tattoo placed at the base of the tail. Environmental con-
ditions in the animal rooms were monitored continuously.
At least 10 changes per hour of fresh filtered air were
provided, and a 12-hr on/12-hr off light cycle of 40-50
foot candles placed 5 feet from the floor was maintained.
Humidity and temperature were generally maintained at
50 = 15% and within 22 * 2°C during the quarantine
and study periods. All animals received NIH-07 Open
Formula Diet pellet form (Zeigler Brothers, Inc., Gard-
ners, PA) ad libitum for all routes of exposure except
dosed-feed studies in which mice received the meal form.

For each test agent, mouse model, dose level, and route
of administration, 15 animals/sex received the subject
chemical, and 13—-30 control animals/sex received vehicle
(topical, gavage, subcutaneous, and intraperitoneal stud-
ies) or untreated feed (dosed-feed studies) for 24 wk.
Since the N-methylolacrylamide, resorcinol, 8-hydroxy-
quinoline, and rotenone topical studies in Tg.AC mice

were started at the same time, they shared a common
control group of 30 mice/sex. For the same reason, the
8-hydroxyquinoline, rotenone, 2,4-diaminotoluene (2,4-
DAT), and 2,6-diaminotoluene (2,6-DAT) p53%f-mouse
dietary studies shared a common control group of 30
mice/sex. In the diethylstilbestrol (DES) studies there
were fewer than 15 control mice/sex; 1 control female
and 2 control male p53%f mice died on days 1-3 of the
study and were not replaced. Ten additional animals were
added to both sexes of dosed p53%f mice, and 5 additional
animals were added to the control groups in the single
dose level resorcinol gavage study. This was done be-
cause resorcinol was one of the last studies to begin, be-
cause there were extra mice available, and because ad-
ditional animals provided protection against early losses
due to gavage errors.

For topical studies we used a constant concentration of
the test agent, varying the volume to adjust the dosage
for changes in body weight. Hair on the backs of the
topically treated Tg.AC and cyclosporin A-gavaged
Tg.AC mice was removed from the base of the tail to the
interscapular region using animal clippers. For gavage
and topical studies, the dosing schedule was up to 5 times
per week (see Table III below for agent-specific frequen-
cy), weekdays only and exclusive of holidays, with all
animals remaining on the treatment regimen until the day
(within 24 hr) of sacrifice. For feed studies the animals
received the subject chemical mixed with feed 7 days/wk
for 24 consecutive wk.

All animals were observed in their cages twice daily,
before 10:00 am and after 2:00 pm, including weekends
and holidays, for moribundity, mortality, and clinical
signs of toxicity. Body weights and clinical observations
were recorded on study days 1 and 8 and weekly there-
after. Food consumption was recorded weekly in dosed-
feed studies. Table III gives the dosing requirements and
routes of exposure for individual test agents.

The original dosing schedule of 1 time per week for



Vol. 26, No. 4, 1998

TABLE IV.—Survival in mice receiving one of the known human
carcinogens.

Male test groups Female test groups

Chemical
agent  Control  Low High Control Low High

DES

Tg.AC 11/15 _ 9/15 15/15 — 3/15%

p53%t 11/13 — 8/13 12/14 — 13/14
Melphalan

Tg.AC 12/14 6/15* 3/15* 12/15 15/15 4/15*

pS3oet 13/15 2/15* 0/15* 13/15 2/15%* 1/15*
Cyclospor-

in A

Tg.AC 14/15  13/15 10/15 13/15 10/15 13/15

pS53aet 14/15  15/15 15/15 15/15 15/15 15/15
TCDD

Tg.AC 13/15 — 13/15 11/15 — 13/15

p53%f 14/15 — 15/15 13/15 — 15/15

* p =< 0.05 vs controls (life table test).

melphalan had to be changed to once every 2 wk in the
high-dose (25 mg/kg) male Tg.AC mice due to severe
clinical signs and mortality observed after the first appli-
cation. Treatment was stopped in both sexes of Tg.AC
mice receiving the high dose of melphalan, at study week
4 for males and at week 5 for females. Intraperitoneal
injections of melphalan to p53%f mice were stopped after
17 wk on test due to decreased body weight gains, clin-
ical signs of lethargy, and mortality.

Observations

Mice were weighed individually on day 1 of test, after
7 days, and at weekly periods thereafter. The animals
were observed twice daily, once in the early morning and
once in the late afternoon, at least 6 hr apart (before 10:00
am and after 2:00 pm), including holidays and weekends,
for signs of moribundity and death. Signs of toxicity no-
ticed during these routine checks were recorded. Formal
clinical observations including the status of skin at the
site of application were made and recorded weekly.

Necropsy and Histopathologic Evaluation

A complete necropsy was performed on all treated and
control animals that either died or were sacrificed, and
all tissues were saved in formalin. No organ weights were
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taken. Tissues were fixed in 10% neutral-buffered for-
malin, and those to be prepared for histology were em-
bedded in paraffin, sectioned at 5-6 um and stained with
hematoxylin and eosin. Organs examined microscopically
were the adrenal/pituitary/thyroid glands, kidney, liver,
lung, lymph nodes (mandibular, mediastinal, mesenteric),
ovary/uterus or testis/epididymis, skin (application site,
topical), spleen, stomach, thymus, gross lesions, and
chemical-specific suspect targets based on 2-yr study re-
sults (see Table II).

Statistical Evaluation

For many chemicals, few if any animals died prior to
the end of the study, and in these instances, differences
in the incidence of neoplastic and nonneoplastic lesions
were assessed by Fisher’s exact test and Cochran-Armi-
tage trend tests. For chemicals showing increased mor-
tality, survival-adjusted statistical methods were used.
These include logistic regression for incidental lesions
and life table tests for rapidly fatal lesions (6).

RESULTS

In the following sections, the survival and pathology
data for treatment effects are presented for each study,
with emphasis on the proliferative lesions observed. Mor-
phological descriptions of the treatment-related lesions
and neoplasms observed in control groups are detailed in
Mahler et al (13). Unless otherwise stated, the incidence
given for skin papillomas is that at the site of chemical
application.

Human Carcinogens

There was decreased survival for female Tg.AC mice
receiving DES by topical application (Table IV). Termi-
nal body weights were significantly higher for Tg.AC fe-
males (19%) and lower for both sexes of p53%f mice (16—
19%) receiving DES (by subcutaneous injection) com-
pared with controls. The reason for this strain difference
in body weight effects after exposure to DES is unclear.
Topically applied DES produced an increased incidence
of squamous cell papillomas in both sexes of Tg.AC
mice. Treatment of p53%f mice with DES did not cause
any increases in tumor incidence (Table V).

TABLE V.—Responses in the Tg.AC and p53%f mice after treatment with DES.

Male dose groups

Female dose groups

Tissue Lesion Control Low High Control Low High
Tg.AC mice
Neoplastic
Skin Squamous cell papilloma 1/15 — 8/15* 1/15 — 10/15*
Nonneoplastic
Pituitary Hyperplasia 0/15 — 9/15* 0/12 — 12/14*
Seminal vesicles Atrophy 0/0 — 5/5¢
Thymus Atrophy 2/14 — 7/12* 0/15 —_ 10/13*
Uterus Hyperplasia (cystic) 5/15 — 14/15*
539t mice
Neoplastic
No response
Nonncoplastic
Ovary Degeneration 0/14 — 14/14*
Uterus Hydrometra 0/14 — 12/14*

“ These lesions were identified grossly.
*p < 0.05 vs controls.
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TaBLE VIL.—Responses in the Tg.AC and p53%f mice after treatment with melphalan.

Male dose groups Female dose groups

Tissue Lesion Control Low High Control Low High
Tg.AC mice
Neoplastic
Forestomach Squamous cell papilloma 0/14 8/15* 2/15 4/15 14/15*% 7/15
Lung Alveolar/bronchiolar adenoma 2/14 4/15 2/15 0/15 5/15* 5/15*
Alveolar/bronchiolar carcinoma 0/14 0/15 0/15 0/15 /15 0/15
Skin Squamous cell papilloma 0/14 3/15% 0/15 1/15 6/15* 5/15*
Nonneoplastic
Bone marrow Cellular depletion 0/14 5/15* 7/15* 0/15 0/15 4/15*
Myeloid cell hyperplasia 0/14 7/15% 5/15* 0/15 12/15* 5/15*
Lung Alveolar epithelium hyperplasia 0/14 1/15 4/15% 0/15 4/15* 3/15*
Lymph node Mandibular atrophy 0/11 13/13* 4/11* 0/15 0/15 3/14
Mediastinal atrophy 0/8 9/9* 5/9* /11 0/13 4/10
Mesenteric atrophy 0/13 11/11* 4/9* 0/14 0/15 0/10
Spleen Lymphoid follicular cell depletion 0/14 14/15* 11/15* 0/15 0/15 7/15*
Hyperplasia 0/14 13/15* 5/15*
Thymus Atrophy 1/13 8/11* 6/8* 2/14 1/15 4/13
p53%f mice
Neoplastic
Skin Sarcoma 0/15 10/15* 1715 1/15 3/15 0/15
Malignant Lymphoma 1/15 1/15 9/15* 1/15 0/15 3/15
Nonneoplastic
Thymus Atrophy 0/13 6/8* 2/10 0/14 5/6* 2/6*

*p = 0.05 vs controls.

Survival was reduced in both sexes of mice receiving
melphalan by topical application (Tg.AC) or by intraper-
itoneal injection (p53¢f) except for low-dose (8.3 mg/kg)
Tg.AC females (Table IV).

Three high-dose Tg.AC males were sacrificed in mor-
ibund condition in week 1 and in the weeks following,
clinical signs indicated that this dose level was not well
tolerated in males or females. Dosing of Tg.AC mice was
stopped at week 4 for males and at week 5 for females.
Only 3 males and 4 females survived until the end of the
study. Tg.AC males treated with melphalan had terminal
body weights 15-18% lower than male controls.

Male and female Tg.AC mice that received low-dose
melphalan had an increased incidence of squamous cell
papillomas in the skin and forestomach. Treated females
had an increased incidence of alveolar/bronchiolar ade-
nomas (Table VI). In high-dose males and females, the
reduced survival may have limited the tumor response.

Terminal body weights of both sexes of p539f mice
treated with melphalan were also 14-33% lower than
controls. Intraperitoneal injection of melphalan to p53df
mice increased the incidence of fibrosarcoma of the skin
in low-dose (0.3 mg/kg) males and of malignant lym-
phomas in high-dose (1.5 mg/kg) males (Table VI). How-
ever, females appeared to be more sensitive than males
to the toxicity of melphalan based on the earlier onset of
mortalities both in high-dose (week 5 vs week 15) and
in low-dose (week 11 vs week 17) groups, which may
have limited a tumorigenic response in females (data not
shown).

There were no differences in survival or terminal body
weights of mice treated with cyclosporin A (Table IV).

- Cyclosporin A given by gavage to Tg.AC mice increased
the incidence of malignant lymphomas in high-dose
males and keratoacanthoma and squamous cell papillo-
mas (combined) of the skin in high-dose females. The
papillomas were observed on the dorsal skin at the site
of hair removal, similar to the mice receiving other chem-

icals by topical application. There was also a significant
(» < 0.05) trend toward increase in forestomach tumors
in males receiving cyclosporin A (Table VII). There were
no neoplastic or nonneoplastic effects of cyclosporin A
in p53%f mice.

Survival and terminal body weights of mice exposed
topically (Tg.AC) or by gavage (p53% ) to 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (TCDD) were not different
than their respective controls (Table IV).

Female Tg.AC mice treated with TCDD had an in-
creased incidence of keratoacanthoma, and both sexes
had increased incidences of squamous cell papillomas of
the skin at the site of application. There was also an in-
creased incidence of nonneoplastic lesions in the livers
of both sexes and on the skin of treated female Tg.AC
mice (Table VIII).

There was no increase in the incidence of neoplasia in
either sex of p53%f mice treated with TCDD. The inci-
dence of cytoplasmic vacuolization seen in the livers of
both sexes was increased compared with that of controls
(Table VII).

Comparison of Routes of Exposure

N-methylolacrylamide given either by topical appli-
cation or gavage did not affect body weight gain or sur-
vival and did not produce tumors or significant nonneo-
plastic findings in Tg.AC mice of either sex (data not
shown).

Isomers

Survival was similar to controls for both sexes of mice
receiving 2,4-DAT or 2,6-DAT in the Tg.AC (topical)
and the p53%f (dosed-feed) models (data not shown). Ter-
minal body weights were similar to controls in both sexes
of Tg.AC mice treated with 2,4-DAT or 2,6-DAT and in
p53%f mice receiving 2,6-DAT. However, terminal body
weights of both sexes of p53%f mice receiving 2,4-DAT



Vol. 26, No. 4, 1998

EVALUATION OF GENETICALLY ALTERED MICE

467

TaBLE VIL.—Responses in the Tg.AC and p53%f mice after treatment with cyclosporin A.

Male dose groups Female dose groups

Tissue Lesion Control Low High Control Low High
Tg.AC mice (via gavage)
Neoplastic
Forestomach Squamous cell papilloma 0/15 0/15 4/15* 1/15 2/15 4/15
Skin Keratoacanthoma 0/15 0/15 0/15 0/15 1/15 2/15
Squamous cell papilloma 1/15 1/15 0/15 0/15 1/15 2/15
Keratoacanthoma & squamous cell papilloma 1/15 1/15 0/15 0/15 2/15 4/15*
All organs Malignant lymphoma 0/15 0/15 4/15* 0/15 1/15 0/15
Nonneoplastic

No response
p53%f mice (via gavage)
Neoplastic
No response
Nonneoplastic
No response

* p < 0.05 vs controls.

were 25% (males) and 12% (females) lower than those
of their controls (data not shown).

There were no statistically significant increases in neo-
plasms caused by exposure to either isomer using the
Tg.AC (topical) or p53¢f (dosed-feed) models (Table IX).
However, squamous cell carcinomas of the skin were ob-
served in 2 male Tg.AC mice receiving 2,4-DAT. This
lesion has not been observed in male Tg.AC historical
controls. Also, a squamous cell papilloma of the skin was
observed in 1 dosed male and in 2 dosed females. Taken
collectively, this effect is considered to be chemically re-
lated. Malignant lymphoma was observed in 1 male and
in 2 female p53%f mice receiving 2,4-DAT (Table IX).
These low incidences were considered to be suggestive
but not conclusive evidence of a chemically related car-
cinogenic effect. Malignant lymphoma is a relatively un-
common tumor in p53%f mice, occurring in approximate-
ly 2% of the control mice evaluated in this set of studies
(2/108 in males; 2/109 in females). A larger sample size
in the p539 2,4-DAT study would be necessary to clarify
whether or not the marginal increase in malignant lym-
phoma is truly chemically related.

Noncarcinogens in 2-yr Bioassay

Survival was not different from that of the controls in
Tg.AC mice receiving topical applications of p-anisidine
HClI, resorcinol, 8-hydroxyquinoline, or rotenone. Ter-

minal body weights of males receiving rotenone were
14.5% lower than those of controls. The body weights of
females receiving rotenone and males and females re-
ceiving the other 3 test agents were not different from
those of the controls (data not shown).

p-Anisidine and 8-hydroxyquinoline were not associ-
ated with any increases in neoplastic or important non-
neoplastic lesions in either model (data not shown).

Resorcinol produced a significantly increased inci-
dence of squamous cell papillomas in both sexes at the
site of application. There were also significant increases
in nonneoplastic lesions in the skin of treated mice. In-
creases included hyperplasia in both sexes and hyperker-
atosis and inflammation and sebaceous gland hyperplasia
in males. Some of the nonneoplastic lesions could be sec-
ondary to the presence of papillomas (Table X).

Exposure of Tg.AC mice to rotenone caused a distinc-
tive and rare response characterized by a proliferation of
myeloid cells in hematopoietic tissues and by an infiltra-
tion into multiple tissues by mixtures of mature and im-
mature leukocytes (Table X). Although milder lesions
had features of inflammatory processes, more severe
manifestations resembled leukemic infiltration. The col-
lective term myelodysplasia was used to describe this dis-
order and is described in more detail by Mahler et al (13)
in this issue. The most severely and consistently affected
tissue was the liver; in all treated females and all but 1

TaBLE VIIL.—Responses in the Tg.AC and p53%! mice after treatment with TCDD.

Male dose groups

Female dose groups

Tissue Lesion Control Low High Control Low High
Tg.AC mice ’
Neoplastic
Skin Keratoacanthoma 0/14 — 1/15 0/15 — 4/15*
Squamous cell papilloma 0/14 — 8/15* 1/15 — 15/15*
Squamous cell carcinoma 0/14 — 0/15 1115 — 3/15
Nonneoplastic
Liver Focal necrosis 0/14 — 4/15* 3/15 — 10/15*
Hepatocyte vacuolization 0/14 — 8/15* 0/15 — 2/15
p53%f mice
Neoplastic
No response
Nonneoplastic
Liver Hepatocyte vacuolization 6/15 — 14/15* 0/15 — 6/15*

* p < 0.05 vs controls.



468

EASTIN ET AL

ToxIicoLoGIC PATHOLOGY

TABLE IX.—Responses in the Tg.AC and p53% mice after treatment with 2,4-DAT and 2,6-DAT,

Tissue Lesion

Male dose groups Female dose groups

Control Low High Control Low High

Tg.AC mice
2,4-DAT
Neoplastic
Skin Squamous cell carcinoma
Squamous cell papilloma
Squamous cell papilloma + carcinoma
Nonneoplastic
No response
2,6-DAT
Neoplastic
No response
Nonneoplastic
No response
p53%f mice
2,4-DAT
Neoplastic
Multiple organs
Nonneoplastic
No response
2,6-DAT
Neoplastic
No response
Nonneoplastic
No response

Lymphoma, malignant

0/15 — 215 0/15 —_— 0/15
0/15 — 1715 0/15 —_ 2/15
0/15 —_ 3/15 0/15 — 2/15

0/30 — /15 0/30 — 2/15

treated male, the liver was a site of cellular infiltration.
The white pulp of the spleen, kidney, and lung was also
a frequent site of cellular infiltration characteristic of
myelodysplasia. In the red pulp of the spleen and the
bone marrow, there was often a prominent proliferation
of granulocytic cells (granulocytic hyperplasia) in the he-
matopoietic tissue that was considered to be related to
myelodysplasia. Likewise, lymphoid hyperplasia and
plasma cell infiltration in the lymph nodes, often causing
gross enlargement of the nodes, were also considered
components of myelodysplasia. At the skin site of appli-
cation there was mild squamous hyperplasia of the epi-
dermis and a dermal inflammatory cell infiltration com-
posed of a mixture of granulocytes, mononuclear cells,

and mast cells. No skin tumors were observed at the site
of application.

p-Anisidine has been previously tested in p53%f mice
in dosed-feed studies and was reported to be negative (25,
26).

Survival was not significantly different in either sex of
p53%f mice treated with resorcinol, 8-hydroxyquinoline,
or rotenone compared with controls. Terminal body
weights in both sexes of mice treated with resorcinotl
were similar to controls. However, there was a reduction
in terminal body weights in both sexes of p53¢f mice
treated with 8-hydroxyquinoline (males, 21.6%; females,
8.4%) and with rotenone (males, 33.8%; females, 16.4%).
Resorcinol, 8-hydoxyquinoline, and rotenone did not in-

TABLE X.—Responses of Tg.AC mice to chemicals that were negative in the 2-yr bicassay.

Male dose groups Female dose groups

Tissue Lesion Control Low High Control Low High
Resorcinol
Neoplastic
Skin Squamous cell papillomas 3/30 — 10/15* 1730 — 12/15*
Nonneoplastic .
Skin Hyperkeratosis 3/30 — 8/15* 0/30 — 0/15
Hyperplasia 3/30 — 14/15%* 0/30 -— 8/15*
Inflammation 3/30 — 12/15* 0/30 — 1/15
Sebaceous gland hyperplasia 3/30 —_ 14/15* 0/30 — 1715
Rotenone
Neoplastic
Multiple organs Myelodysplasia 0/30 — 14/15* 0/30 — 15/15%
Nonneoplastic
Liver Bile duct degeneration 0/30 — 7/15* 0/30 — 3/15*
Hyperplasia 0/30 — 4/15* 0/30 — 3/15%*
Lymph (mandibular) Hyperplasia 0/29 — 8/14* 3/29 —_ 8/15*
Pituitary Hyperplasia 0/28 — 4/15* 0728 — 0/14
Skin Sebaceous gland hyperplasia 0/30 — 7/15* 0/30 — 9/15*
Hyperkeratosis 0/30 — 14/15* 0/30 -—_ 15/15*
Hyperplasia 0/30 — 15/15% 0/30 — 15/15*
Inflammation 0/30 — 15/15* 0/30 — 15/15%*
Testes Germ. epithelial degeneration 0/30 — 5/15*

* p = 0.05 vs controls.
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crease the incidence of neoplastic or nonneoplastic le-
sions in either sex of p53%f mice (data not shown).

DiscussIoN

The Tg.AC mouse model has been proposed for use
in detecting genotoxic or nongenotoxic carcinogens
through a skin papilloma response to chemicals applied
to the skin. The ease of scoring this response through
visual inspection and the wealth of information that can
be gathered on the progression and multiplicity of these
lesions make this model very attractive. One of the pur-
poses of these experiments was to examine mice for in-
ternal tumors and to compare their response to those ob-
tained with exposure to chemicals applied by other routes
in order to determine the full range of potential applica-
tions of the model. Of the 7 chemicals found to give
positive tumor responses in Tg.AC mice, 6 of these
chemicals resulted in skin papillomas, and this included
1 response to a chemical (cyclosporin A) given by ga-
vage. In addition, except for the 2,4-DAT study, mice that
developed this lesion were observed to have multiple skin
papillomas. However, 1 chemical, rotenone, an expected
negative, produced only an unusual myelodysplasia. Two
" chemicals, cyclosporin A and melphalan, produced fore-
stomach papillomas; lung tumors were seen with mel-
phalan; and a malignant lymphoma was also observed
with cyclosporin A. Thus, it would appear that at least a
limited histopathologic evaluation of internal tissues is
warranted for the Tg.AC mouse model.

With the p53%f mouse, the experience to date suggests
that all tissues may be at risk of developing tumors, and
there is limited but good agreement between tumor sites
in the 2-yr bioassays and those in the p53%f mice (25).
With the current set of chemicals, only melphalan-treated
male mice showed a clearly positive response: an in-
crease in malignant lymphomas and fibrosarcomas. It had
been proposed that a simple tabulation of grossly visible
tumors might be sufficient to establish a positive response
in this model; however, the current results indicate that a
histopathologic evaluation wiil be as important with this
model as with the Tg.AC.

Little useful information could be garnered from these
studies concerning the route of exposure comparisons be-
cause the oral and dermal studies with N-methylolacry-
lamide were both unexpectedly negative. However, the
modest skin tumor response in the gavage studies with
cyclosporin A suggests that skin tumors may still be an
expected and useful end point even when the chemical is
applied elsewhere, giving promise for the eventual use of
these models when chemicals are applied through inha-
lation or by oral route. It is useful to examine the indi-
vidual responses of these models to each chemical before
considering the data sets as a whole.

Diethylstilbestrol

DES is a synthetic nonsteroidal estrogen receptor ag-
onist that has been used to treat dysmenorrhea and to
prevent spontaneous abortion. DES was designated as a
human carcinogen by the IJARC (8) based on increased
incidences of clear-cell adenocarcinoma of the vagina and
cervix in women and the risk of testicular cancer in males
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exposed in utero. Studies of the possible effects of DES
treatment during pregnancy on the subsequent develop-
ment of breast cancer have all have shown an increased
risk in exposed women. DES has been tested for carcin-
ogenicity in mice, rats, hamsters, frogs, and squirrel mon-
keys, producing tumors principally in estrogen-respon-
sive tissues. DES was not mutagenic in Salmonella (34).

Systemic exposure to DES was evident after topical
exposure to Tg.AC mice. Treatment-related estrogenic ef-
fects occurred in reproductive organs (testes, seminal ves-
icle, and uterus), in the liver, and in the pituitary gland,
consistent with estrogenic effects known to occur in mice.
There was also an increased incidence of skin papillomas
in both sexes of Tg.AC mice. The skin of both male and
female mice has been shown to have estrogen receptors
(23, 30). However, the relationship between receptor ac-
tivation and skin papilloma development is not clear. It
is worth noting that no nonneoplastic effects were ob-
served in the skin at the site of DES application.

As expected for a carcinogen acting through a hor-
monal mechanism, DES did not increase the incidence of
neoplasms in p53%f mice, although nonneoplastic treat-
ment-related observations included effects consistent
with exogenous estrogen administration, i.e., an increase
in the incidence of ovary degeneration and hydrometra
in females. Seminal vesicle atrophy was noted in treated
males.

Melphalan

Melphalan is an alkylating agent used in the treatment
of selective human proliferative diseases, including mul-
tiple myeloma. IARC (8) has classified melphalan as hav-
ing sufficient evidence of carcinogenicity in humans and
animals. The classification for humans was based on ep-
idemiological studies of patients with ovarian carcinoma,
multiple myeloma, or breast cancer who consistently
showed very large excesses of acute nonlymphocytic leu-
kemia in the decade following therapy with melphalan.
In animals, melphalan has been tested in mice and rats
by intraperitoneal injection, producing lymphosarcomas
and a dose-related increase in the incidence of lung tu-
mors in mice and an increase in peritoneal sarcomas in
rats. Melphalan was positive in Salmonella (33) and in
most other genetic toxicity assays in which it has been
tested.

Melphalan applied topically to Tg.AC mice reduced
survival and body weights in both sexes receiving the
high dose and in male mice receiving the low dose. Treat-
ment-related increases in incidence of squamous cell pap-
illomas were observed in skin in females and in fore-
stomach in both sexes, and alveolar/bronchiolar adeno-
mas were observed in the lung in females. In humans,
melphalan has been shown to cause bone marrow toxic-
ity. This effect was also observed in treated Tg.AC mice
in these studies.

Survival was reduced for melphalan-treated pS53def
mice. Terminal body weights were lower in low-dose
males. Necropsy revealed that the propylene vehicle
caused extensive adhesions in the abdominal cavity of
treated and control mice. There was a significantly in-
creased incidence of fibrosarcomas at the site of injection
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in low-dose male mice and of malignant lymphoma in
high-dose male mice. Nonneoplastic treatment-related re-
sponses included atrophy in the thymus of low-dose
males and females and atrophy of the ovary in low- and
high-dose females. Degeneration of the testes was ob-
served in high-dose male mice. These nonneoplastic ef-
fects are similar to those observed in the treated Tg.AC
mice and may represent effects secondary to severe tox-
icity.

Cyclosporin A

Cyclosporins are fungal products used to treat graft
versus host reactions through their immunosuppressive
action. IARC (9) has designated cyclosporin as carcino-
genic to humans on the basis of case reports of lympho-
mas and Kaposi’s sarcoma and cohort studies reporting a
high incidence of lymphoma in organ transplant recipi-
ents. In animal studies, cyclosporin enhanced the devel-
opment of leukemias in a strain of mice prone to this
tumor and in mice initiated with whole body irradiation
or N-methyl-N-nitrosourea; cyclosporin also enhanced
the incidence of intestinal adenocarcinomas induced by
N-methyl-N-nitrosourea in rats (9).

The results seen with the Tg.AC mouse are consistent
with the findings of prior human and animal studies. Ma-
lignant lymphoma was significantly increased in high
dose males, and erythrocytic leukemias were diagnosed
in 1 male and 2 females in the mid-dose groups. It is not
clear why no high-dose females developed lymphomas or
leukemias, although this dosed group had an increase in
keratoacanthoma/squamous cell papillomas of the skin.
Forestomach tumors also occurred in 4 high-dose males.
Although forestomach tumors are relatively common
(7%) in the control database (13), the finding of a low
increase in incidence of tumors of types or sites known
to occur in Tg.AC mice is consistent with expectations
of the influence of an immunosuppressive action in this
model. No tumors were seen in the p53-deficient mice
given cyclosporin. This is consistent with the negative
genetic toxicity profile of the chemical (33) and suggests
that immunosurveillance is not as important in suppress-
ing the development of spontaneous tumors in this model
as it is in mice with an activated ras gene.

The results with cyclosporin A in the Tg.AC mouse
differed in dosed males and females. Skin tumors were
clearly increased in females, and lymphomas were in-
creased in males. This was the only instance in the cur-
rent studies in which a fairly clear sex difference was
seen in the site of tumor response. In most cases, sex
differences in tumor response involved the strength of the
response at a common tumor site.

TCDD

TCDD is a contaminant in the manufacture of certain
chlorinated herbicides; it is produced in pulp and paper
bleaching and during waste incineration. IARC (10) has
determined TCDD to be a known human carcinogen. In
rodent studies TCDD has induced tumors in the liver, the
lung, the thyroid gland, the subcutis, the hard palate, the
nasal turbinates, the hematopoietic system, and the
tongue (10, 17a, 17b). Evidence from human studies sug-
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gests that there are increases in cancers for all sites com-
bined rather than for any particular tissue site.

In the Tg.AC mouse, TCDD induced squamous cell
papillomas and carcinomas as well as keratoacanthomas.
The response was stronger in females. In some female
animals there was also evidence of an inflammatory re-
sponse at the site of dermal application. No tumors were
induced in the p53%f mice receiving TCDD by gavage.
TCDD is considered to be a nongenotoxic carcinogen;
thus, the pattern of tumor response in these genetically
altered models is in agreement with expectations. No sys-
temic tumors were induced by TCDD in the Tg.AC
mouse. Although TCDD has been shown to be systemi-
cally available in mice receiving the chemical on the skin,
no tissue measurements were performed in these studies.
Skin tumors have been induced in nongenetically altered
mice by oral and dermal administration of TCDD (9, 10,
33).

N—Methylo-lacrylamide

N-methylolacrylamide was selected as a chemical not
mutagenic in Salmonella but with clear evidence of car-
cinogenicity in both sexes of mice in the liver, lung, har-
derian gland, and ovary. Rat studies were negative with
much lower doses than those used for mice (20). Human
carcinogenicity of N-methylolacrylamide has not been es-
tablished. Previous gavage studies with the p53%f mouse
were negative (25). For the current study, the chemical
was administered to the Tg.AC mouse by the oral or der-
mal route. The chemical is absorbed through the skin,
and therefore systemic exposure was anticipated to occur
following administration by either route.

The negative result with the Tg.AC mouse given N-
methylolacrylamide by either the dermal or oral route
represents a major failure of the model. In the 2-yr study
in B6C3F, mice, the carcinogenic responses were robust
at the 50 mg/kg dose and included tumors in the harder-
ian gland and ovary, sites that generally respond to fairly
strong multisite carcinogens. While it is possible that the
Tg.AC mouse would respond to a higher dose, our ex-
perience with this model suggests that a similar dose sen-
sitivity is typically expected between the Tg.AC and the
conventional mouse bioassay. The absence of a response
in the Tg.AC mouse model precludes any conclusions
concerning the intended comparison of the patterns of
tumors seen after administration via the different routes.

DAT Isomers

2,4-DAT and 2,6-DAT were included in this evaluation
to test the ability of the genetically altered mouse models
to discern differences between closely related mutagenic
chemicals with apparent differences in carcinogenic po-
tential in the rodent bioassay. Also, 2,4-DAT would pro-
vide an additional test of genotoxic chemicals that have
caused a less-marked tumor response than the more po-
tent carcinogens in the 2-yr bioassay.

2,4-DAT is a widely used industrial intermediate. Most
of this chemical produced in the United States is con-
verted to toluene diisocyanate for use in the synthesis of
polyurethanes. In the NTP 2-yr dosed-feed studies, 2,4-
DAT was carcinogenic in F344 rats, inducing hepatocel-
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lular carcinomas or neoplastic nodules in both males and
females and carcinomas or adenomas of the mammary
gland in females. 2,4-DAT was also carcinogenic in fe-
male B6C3F, mice, inducing hepatocellular carcinomas.
The incidence of lymphomas in the female mice sug-
gested that these tumors may also have been related to
administration of the test chemical (15). The IARC has
classified 2,4-DAT as possibly carcinogenic to humans
(8). This agent was mutagenic in Salmonella (7) but neg-
ative in the micronucleus assay (NTP, unpublished ob-
servations). In the current studies, 2,4-DAT reduced body
weight gain in Tg.AC and p53%f mice, a response similar
to that seen in rats and mice in the 2-yr NTP bioassay.
Two male Tg.AC topically treated mice had squamous
cell carcinomas of the skin, a lesion not observed in any
of the historical male controls. In addition, there were
papillomas in 1 male and 2 females but none in vehicle
controls. No nonneoplastic effects were observed for the
skin in any treatment group of Tg.AC mice. The effect
on the skin of treated mice was considered to be chemical
related. Although no increased incidences of neoplasms
were observed in p53%f mice that could be clearly related
to treatment with 2,4-DAT, it is noteworthy that malig-
nant lymphoma, which was marginally increased in p53df
mice receiving 2,4-DAT, also had an increased incidence
in female B6C3F, mice receiving 2,4-DAT in the stan-
dard 2-yr bioassay (15). And based on the positive Sal-
monella (7) and 2-yr bioassay results, a positive response
was predicted in p53%f mice. Further study of 2,4-DAT
is required in the p53%f mouse to determine if this re-
sponse occurred by chance or if it was related to 2,4-
DAT exposure.

2,6-DAT is used as an intermediate in the production
of dyes for furs and textiles and of flexible polyurethane
foams and elastomers. 2,6-DAT dihydrochloride was not
carcinogenic for male and female F344 rats or for male
and female B6C3F, mice in the 2-yr dosed-feed studies
(16). 2,6-DAT has not been evaluated by the IARC. This
agent was positive in Salmonella (31) and was positive
in the micronucleus assay (NTP, unpublished observa-
tions). 2,6-DAT dihydrochloride did not cause an in-
creased tumor incidence in either the Tg.AC or p53df
mice. This outcome is in agreement with the prediction
for a chemical that was negative in the 2-yr bioassay.

p-Anisidine

p-Anisidine, although mutagenic in the Salmonella
(33) assay, was predicted to be negative in both the
Tg.AC and the p53%f mouse assays because it was neg-
ative in rats and mice in the conventional 2-yr rodent
studies (14). Negative results with p-anisidine in the p53
assay were previously reported by Tennant et al (25), and
the negative results with the Tg.AC model in this report

are in agreement with these findings and with expecta-
tions.

Resorcinol

Resorcinol (1,3-benzenediol) is used in the manufac-
ture of adhesives and dyes and as an ingredient in phar-
maceutical preparations for the topical treatment of skin
conditions. Resorcinol is known to produce skin sensiti-
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zation in humans and mice. In addition, resorcinol has
been used to produce skin peeling in humans (5).

Resorcinol was not mutagenic in Salmonella studies
(7). There were no treatment-related increased incidences
of neoplasms or nonneoplastic lesions in rats or mice
administered resorcinol by gavage for 2 yr in the NTP
studies (21a). IARC (8) concluded that resorcinol was not
classifiable as to its carcinogenicity in humans.

In contrast to expectations, resorcinol given topically
to Tg.AC mice induced a strong skin papilloma response.
Nonneoplastic lesions (including hyperkeratosis, inflam-
mation, and hyperplasia) were also observed at the site
of application, but whether these were secondary to the
presence of the papillomas or in some way contributed
to the tumor response could not be discerned from these
limited studies. No systemic treatment-related lesions
were observed.

Resorcinol given by gavage to p53%f mice caused no
increased incidence of neoplasia, a response similar to
that seen in the 2-yr gavage studies in rats and mice.

8-Hydroxyquinoline

8-Hydroxyquinoline is used as a bacteriostatic and fun-
gistatic compound in disinfectants. It was positive in Sal-
monella assays (31), but there was no evidence of car-
cinogenicity for male and female rats or mice given 8-
hydroxyquinoline in feed in the NTP 2-yr bioassay (18).
The TARC (8) concluded that 8-hydroxyquinoline was
“not classifiable as to its carcinogenicity in humans.”
There were no increased incidences of neoplasias in the
topical studies with Tg.AC mice or the dosed-feed studies
with p53%f mice. Both results were consistent with ex-
pectations.

Rotenone

Rotenone is a natural insecticidal and piscicidal con-
stituent of several plant species. There was no evidence
of carcinogenic activity in female rats and male or female
mice fed diets containing rotenone for 2 yr (19). Rote-
none was not mutagenic in Salmonella (32).

Despite the extensive hyperplasia and inflammation
seen in skin at the site of application, there were no pap-
illomas observed in Tg.AC mice treated with rotenone.
However, topical exposure of the Tg.AC mouse to rote-
none produced a systemic disease diagnosed as myelo-
dysplasia. Myelodysplasia is a term used to encompass a
spectrtum of morphological changes in these mice con-
sisting of mixed features of inflammatory, hematopoietic,
and neoplastic processes. Exposure to rotenone did not
induce an increased incidence of neoplasms or a similar
proliferative response in the hematopoietic system of
p53%f mice in these studies or in B6C3F, mice in the
NTP 2-yr dosed-feed studies (19).

Myelodysplasia is a disorder whose etiology and bio-
logic behavior are unclear, perhaps because of unique ef-
fect of rotenone on the v-Ha-ras/{-globin promoter trans-
gene. Some chemicals have been shown to have an effect
on the fetal hemoglobin gene (for example, hydroxyurea,
which is used in the treatment of sickle cell anemia based
on its ability to increase fetal hemoglobin synthesis). It
is possible that rotenone is acting similarly on the {-glo-
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TaBLE XI.—Comparison of results with predictions.

Known effects Tg.AC P53t
Chemical SA 2-Yr study Predict Actual Predict Actual
DES - + + + - -
Melphalan + + + + + +
Cyclosporin A - + + + - -
TCDD - + + + - -
N-Methylolacrylamide - + + - (topical), - —a
- (gavage)

2,4-DAT + + + + +

2,6-DAT + - - - - -
p-Anisidine + - - - - —e
Resorcinol - - - + - =
8-OH-quinoline + - - - - -
Rotenone - - - + - -

Abbreviation: predict = prediction.
¢ Data from Tennant et al (25).

bin promoter of the transgene in Tg.AC mice, resulting
in enhanced expression of the mutated ras, which is mor-
phologically expressed as the aberrant proliferation of he-
matopoietic cells seen in multiple tissues. Until more is
known about the biology of this disorder, it should be
considered a potentially neoplastic effect. Hansen et al
(3) found transgene expression in untreated bone marrow
and occasionally in spleen in which {-globin expression
was detected, and they suggested that factors regulating
{-globin expression are available in these organs. Wheth-
er that mechanism is involved in the effects seen with
rotenone is unknown.

Table XI compares the results of the model evaluations
made with predictions based on our collective knowledge
of the mutagenic and carcinogenic properties of these
chemicals. For the p53% model, 2 chemicals were pre-
dicted to be positive, melphalan and 2,4-DAT. Melphalan
was clearly positive in the p53%f mice. 2,4-DAT, although
clearly mutagenic, is only a moderately potent carcinogen
in conventional rodent cancer studies and did not give a
clear carcinogenic response in the p53% mouse. Thus,
studies in the p53f mouse produced the predicted out-
come for 10 of 11 chemicals; for the 11th chemical 2,4-
DAT), a larger study would be needed to clarify whether
or not the marginal increase in malignant lymphoma was
truly chemically related.

For the Tg.AC, 6 of the 11 chemicals were predicted
to be positive, and 7 actually gave a carcinogenic re-
sponse. The Tg.AC mouse model detected all 4 recog-
nized human carcinogens (with putative mutagenic, hor-
monal, immunosuppressive, and receptor-mediated mech-
anisms). Negative responses were expected with 5 chem-
icals, and 3 of these gave no neoplastic response in the
Tg.AC mouse. The 3 failures, i.e., the lack of a positive
Tg.AC response with N-methylolacrylamide, the myelo-
dysplasia response to rotenone, and the skin papilloma
response to resorcinol, present clearly discordant re-
sponses in need of further study.

Overall, of the 22 possible predicted outcomes, 18 re-
sponses (82%) in the Tg.AC and p53%f studies were in
agreement. Two *‘misses” were false positives, 1 was
equivocal, and in only 1 case was a clear chemical car-
cinogen not identified. It is possible that this failure may
be due to the very restricted dose ranges used in these

studies (equal to carcinogenic doses in conventional ro-
dent studi€s or observations in humans) or that N-meth-
ylolacrylamide simply acts through a mechanism that
does not involve either mutations of the p53 gene or the
expression of ras.

Further efforts are needed to address in more detail
issues of dose response and ways in which the results of
studies with genetically altered rodent models can fit into
strategies for carcinogen identification and risk assess-
ment. Nonetheless, the results of the present studies clear-
ly support a continued effort to integrate these and per-
haps other genetically altered mouse lines into routine
safety assessment studies.
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